Background: Interstitial brachytherapy for localised prostate cancer may be followed by transient increases in prostate-specific antigen (PSA) that resolve without therapy. Such PSA bounces may be associated with an improved outcome but often cause alarm in the patient and physician, and have defied explanation.
mimic cancer relapse with the exception that the PSA will fall without therapy. This phenomenon is called a PSA bounce. Although PSA bounce can be of concern for both the patient and physician, paradoxically, it is often associated with an improved prognosis (Patel et al, 2004; Ciezki et al, 2006; Mitchell et al, 2008; Bernstein et al, 2013) . To date, no satisfactory explanation for this phenomenon has been forthcoming (Chira et al, 2013) .
Wallner et al first described the PSA bounce after prostate brachytherapy in 1997 (Wallner and Dattoli, 1997) . Typically, a PSA bounce occurs 1-2 years after implantation of radioactive seeds (Caloglu and Ciezki, 2009 ). However, in that time interval, the 125 I implanted would have lost B98% of the activity, given the 59.4 day half-life of the isotope (Critz et al, 2000) . Several hypotheses have been proposed as a cause of the PSA bounce: bacterial and radiation prostatitis (Critz et al, 2000) , a late radiation effect (Mitchell et al, 2008) and the inter-assay noise intrinsic to PSA measurements. However, each hypothesis cannot provide sufficient explanation for the delayed occurrence and the long duration of such a PSA bounce, that can last for more than 8 months (Critz et al, 2003; Bostancic et al, 2007) . In addition, the PSA bounce is not unique to brachytherapy and sometimes occurs in patients treated with external beam radiotherapy alone (Horwitz et al, 2006) .
Recently, Kirilova et al (2011) reported 3D MR spectroscopic assessments of the prostate during PSA bounce after brachytherapy. They analysed the metabolic activity during the bounce and suggested that the bounce could be related to unexplained inflammation. In the nineteenth century, Rudolf Virchow observed the presence of leucocytes within tumours, and provided the first suggestion of a link between cancer and inflammation (Grivennikov et al, 2010) . More recently, several studies reported that infiltration of T cells in solid tumours was a positive prognostic factor (Clark, 1991; Nakano et al, 2001; Sharma et al, 2007) , and the impact of CD8 þ lymphocytes on prognosis is widely accepted. Cytotoxic CD8 þ T cells can directly attack target tumour cells, binding and releasing cytotoxic perforin and granzymes (Chavez-Galan et al, 2009) . Therefore, the anti-tumour immune response to solid cancer is increasingly attracting attention.
The dynamics of PSA level after brachytherapy are suitable for mathematical analysis because the PSA levels of all patients are measured periodically as part of routine medical care. Imperfect as the PSA may be due to disease heterogeneity, and the possibility that PSA production decreases as the tumour becomes more advanced, decisions on disease status (continued response or progression) and the need for additional therapy are partly based on this result. We can take radioactive isotope decay and the biological half-life of PSA in the blood into account mathematically. In this study, we utilise a mathematical model to understand the mechanisms behind the PSA bounce, propose a hypothesis to explain it and provide experimental proof in support of this proposal.
MATERIALS AND METHODS

Subjects.
Patients with T1-T2N0M0 prostate cancer treated with 125 I prostate brachytherapy between 2006 and 2010 at Nippon Medical School Hospital were reviewed. Patients who received hormonal therapy before and/or after brachytherapy were excluded. This study was limited to patients with a minimum of 2 years of follow-up and with low or intermediate risk disease according to the D'Amico classification (D'Amico et al, 1998) . Prostate-specific antigen levels were generally checked every 3 months, but the interval between PSA determinations varied depending on symptoms and PSA level. All patients were treated using the interactive plan technique (Stock et al, 1995) .
The prescribed dose to the prostate was set at 160 Gy. A total of 63 patients, aged 48-81 years (66.3 ± 7.0 years) (mean ± s.d.), were included in this study. This study was performed according to the Declaration of Helsinki and was approved by the ethical committee, Nippon Medical School Hospital, Japan.
Definitions of PSA bounce. The definition of PSA bounce varies widely in published reports. In this analysis, a PSA bounce was defined as an increase in PSA of 0.2 ng ml À 1 (Critz et al, 2000) or a greater than 15% relative increase in PSA from a prior value, as long as it was an increase of at least 0.1 ng ml À 1 (known laboratory variability) (Prestigiacomo and Stamey, 1996) over the nadir level and followed by a return to the nadir levels or lower without additional treatment. The duration of the bounce was defined as the time from the pre-bounce nadir to the first PSA level below this nadir. The time to onset was the first date when the PSA increased to a level that defined the presence of a PSA bounce.
Histological classification of tumours. We histologically classified tumours based on the World Health Organization (WHO) classification criteria. At least three pathologists diagnosed and scored all the cases independently and reached collective consensus if the initial independent diagnosis was different.
Immunohistochemical staining and immune cell counting. Immunohistochemical analyses of CD3 and CD8 were performed on biopsies of the prostate obtained between 2 and 4 weeks before brachytherapy. All biopsies were reviewed to confirm the diagnosis and those biopsies that contained sufficient area (40.2 mm 2 ) of cancer tissue to evaluate the density of CD3 þ and CD8 þ cells were analysed further. As a consequence, 35 cases were analysed: 21 cases with PSA bounce aged 48-79 years (63.6±7.8 years) and 14 with no-bounce aged 61-81 years (71.1 ± 6.3 years). All samples were fixed in 10% formalin and embedded in paraffin. The tumour samples were sectioned at a thickness of 3 mm. Immunohistochemical staining was performed by using indirect immunoperoxidase techniques. The primary antibodies for staining CD3 and CD8 were rabbit polyclonal CD3 antibody (ABGENT, San Diego, CA, USA) and rabbit polyclonal CD8 antibody (ABGENT), respectively, both at a dilution of 1 : 50. All sections were counterstained with haematoxylin. All glass slides were captured using Hamamatsu NanoZoomer 2.0-HT Slide Scanner (Hamamatsu Photonics, Hamamatsu City, Japan), and virtual slides were made. Cancer areas that the pathologist detected on the slide were digitally measured and the number of CD3 þ and CD8 þ cells in this cancer area was counted manually. The density of cells per mm 2 was calculated from these data.
Mathematical modelling. In order to understand the dynamics of PSA and the tumour after interstitial brachytherapy, we developed a mathematical model that captures the dynamic interactions between PSA concentration (z), the tumour cell (x) population and immune response to the tumour (y). Note that only the PSA concentration was measured serially in time. Our model is defined by the following set of differential equations:
and
The term (p 1 À s 1 e À lt )x represents the effective growth of tumour cells as the difference between exponential growth and destruction of cells by radiation. As the half-life of 125 I is known (59.4 days), the value of l is fixed. Given that the isotope is injected in sealed containers ('seeds'), there is no loss of isotope from the tumour site and it will ultimately decay within the confines of the tumour cell population. The second term in Equation (1a) is the effective killing of tumour cells by the immune system that occurs with rate constant d. The function takes into account the potential inhibitory effect of the tumour on an effective immune response when the tumour (x) is large (Schietinger et al, 2012; Schietinger and Greenberg, 2014) . In such a case, the denominator would be large. The exponent q can be chosen or determined by fitting. Our model has 12 parameters, however, we have fixed q ¼ 5 and u ¼ 30, and as a result, the model has 10 free parameters.
The term rxy 1À y K À Á in Equation (2a) for immune cell dynamics represents the increase in immunologically active cells as a result of a response to the tumour. We assume that K ¼ 1000C, where C refers to the average immune cell density found within the tumour biopsy specimens and can only enlarge 1000-fold compared with baseline. Thus, we assume that the immune response has an internal control. The second term in Equation (2a) represents the reduction of the immune cells in the vicinity of the tumour as a result of radiation and by standard degradation (v). We assume that immune cells are more sensitive to radiation than tumour cells and therefore, f41.
The first term (p þ se À lt )x in Equation (3) represents the effective increase in PSA as the tumour grows where px reflects the PSA produced because of tumour cell growth and se À lt x is the increase in PSA due to destruction of tumour cells by radiation. Prostate-specific antigen is cleared from the circulation with rate constant u.
We normalised the variables of Equations (1-3) so that
ð Þ , so that the initial conditions become x 0 ð Þ ¼ yð0Þ ¼ zð0Þ ¼ 1, and the equations are accordingly transformed (see Supplementary Material). Here, parameter b is introduced to enable estimation of the initial value of the immune response.
A number of constraints were imposed on the model:
1. The half-life of PSA is estimated to be between 2 and 3 days (Stamey et al, 1987) . 2. In the absence of radiation, (s 1 ¼ s ¼ 0), the parameters must be constrained such that all equations have a positive initial velocity.
The model was fitted to individual patient data sets comprising the PSA and the respective time, it was sampled before and after definitive therapy with interstitial brachytherapy. Fitting was performed by weighted least squares methodology using the Simplex Induction Hybrid optimisation described previously (Offord and Bajzer, 2006) and the goodness of fit determined by the Chi square test.
Given the complexity of the immune response, and the increasing relevance of a cytotoxic immune response to the tumour with the development of immune checkpoint targeted therapy, we elected to model only a T-cell response to the tumour. Various models have been published in this regard and therefore, we have compared the fits based on our model to fits based on three other models that describe the immune response to tumour growth (Stepanova, 1980; Kuznetsov et al, 1994; Forys et al, 2006) . Within the context of our model for PSA dynamics after brachytherapy, these models correspond to the following equations: Model fitting and parameter estimation. The fits for all considered models were compared with the modified Akaike Information Criterion (AIC) (Hurvich and Tsai, 1989; Fang, 2011) , which takes into account the number of free parameters and indicates which model is preferable. We fitted two models to the individual patient data: in one model, only Equations (1a) and (3) were included (the immune system excluded), while in the second approach, the full model (Equations (1-3)) was fitted to the data. We used the modified AIC to determine which model provided the preferred fit for the data (Hurvich and Tsai, 1989; Fang, 2011) . In addition, we performed an extensive analysis to determine the impact of each parameter individually on the ability of the model to capture the PSA bounce. Thus, for each patient, we varied one parameter at a time across the range of parameter values obtained by the original global fitting (as reported in Table 1) , and while keeping the other parameters constant, we fitted to model to the data and determined the goodness of fit using the Chi square statistic. Our analysis showed that the parameter s had the least impact on the goodness of fits. Given that our model had 10 free parameters, we restricted our analysis to patients for whom a minimum of 12 data points were available.
Statistical analysis. Logistic regression was used to determine statistical significance for correlation between patient characteristics and whether or not they experienced a bounce. Fischer's exact test was used for categorical data and Student's t-test for continuous data. Reported values are number of patients with percentage for categorical data or averages or medians with minimum and maximum values for continuous data. Tests were all two-tailed, and required Po0.05 for statistical significance. The statistical significance of correlations between the parameters were determined using Spearman's rho using a one-sided test. 
RESULTS
Clinical characteristics. The clinical characteristics of our patient cohort are reported in Table 2 . A total of 63 patients were included. On the basis of the established definitions of a PSA bounce, 40 (63%) of our patients experienced such a transient increase in PSA after therapy, while 23 (37%) did not have a bounce. As reported by others (Toledano et al, 2006; Caloglu and Ciezki, 2009 ), the patients with a bounce tended to be younger (median age of 65 years vs 69, P ¼ 0.01). There was no difference in the Gleason score, tumour stage or prostate volume between the two groups at the time of initiation of radiation therapy. The dose of radiation given did not differ between the two cohorts. Patients who subsequently developed a bounce in their PSA often had a slower reduction in PSA (determined from the value of the slope of the decay of PSA) after brachytherapy and almost half (13/27) had a transient increase in PSA at the first follow-up visit after brachytherapy compared with only 2 of 23 patients who did not develop a bounce (P ¼ 0.04). The PSA bounce was observed at a median of 12 months after the initiation of therapy while the median duration of a PSA bounce was 9 months. These observations are similar to what has been reported by others (Caloglu and Ciezki, 2009; Bernstein et al, 2013; Chira et al, 2013) .
Model fitting and parameter comparisons. We fitted our mathematical model (Equations (1a, 2a and 3) ) to each individual patient data set as reported in the Materials and Methods. We had a median of 17 independent data points for PSA for each patient (range: 12-35). Two fitting procedures were performed: (i) one approach utilised Equations (1a) and (3) only with the second right hand term in Equation (1a) excluded to eliminate the immune response. (ii) We also fitted the 3-equation model to the data (Equations (1a, 2a and 3) ). It should be noted that it is mathematically impossible for a model with only Equation (1a) (with the second right hand term excluded to eliminate the immune response) and (Equation (3)) to capture the PSA dynamics that include the bounce. We fitted the two models to the patient data and determined the AIC for each model. In the vast majority of cases, the AIC preferred the 3-equation model as the better fit even in the absence of a PSA bounce. This suggests that even in patients without a PSA bounce, the system of equations that includes the immune response is superior to understand PSA dynamics. We performed fitting procedures using the model with Equations (1a, 2a and 3) to determine the optimal value of q and found that q ¼ 5 was an appropriate exponent. The parameter estimates for the model are reported in Table 1 . As can be seen from Figure 1 , the model fit well a variety of scenarios including (i) monotonic decline in PSA, (ii) patients with a bounce in PSA, (iii) relapse of the disease and (iv) initial increase in PSA followed by significant reduction in tumour burden.
Given that other models of tumour-immune system interactions have been published, we also fitted three other models (see Equations (1b and 2b) in 'Mathematical Model') to the individual patient data, and with the AIC determined that our model was the preferred option for fitting. A simpler model limited to Equations (1a and 3) or uncoupling the immune response from the model by imposing d ¼ 0 cannot fit the PSA data whenever there is a bounce. Therefore, the model as presented is an adequate and minimal model that can fit the clinical data in the presence/absence of a bounce.
The isotope decays monotonically without any escape from the tumour. A comparison of PSA reduction with the concomitant intra-tumoural isotope decay shows that these two processes occur essentially in parallel (Figure 2 ) and the bounce invariably occurs after the isotope has decayed. Therefore, the PSA bounce cannot be explained by the effect of radiation, and as a consequence, we hypothesised that the PSA bounce was due to the differential immune response to the tumour and constructed the model to take this into account (see Materials and Methods).
Parameter comparisons. We wanted to determine whether any of the parameters of the model were significantly different in patients with and without a PSA bounce after interstitial brachytherapy. The only parameter that was statistically significantly different between the patients with and without a bounce was b: for patients with a PSA bounce b ¼ 2.90 compared with patients without a PSA bounce (b ¼ 1.75). The difference in b was statistically significant (P ¼ 0.01). In our model, b reflects the strength of the anti-tumour immune response at the start of therapy. Our results suggest that patients who experienced a PSA bounce have a stronger antitumour immune response compared with patients without the bounce.
Given the observation that the PSA bounce tends to occur in younger patients (Toledano et al, 2006; Caloglu and Ciezki, 2009 ), we performed a correlation analysis between patient age and the model estimate of b for each patient. We found a statistically significant negative correlation between the two parameters: r ¼ À 0.221, P ¼ 0.041, suggesting that the strength of the immune response decreases with age. Note that patient age was not directly included in the model and the result of this correlation provides further support for our model.
Immunohistochemistry. On the basis of our hypothesis and the prediction of the mathematical model, we retrieved tumour specimens from these patients and stained them for CD3 and CD8 as described in the Materials and Methods. Quantitation of CD3 and CD8 was performed blindly with respect to the presence/absence of a bounce in the PSA. The mean CD8 cell density per mm 3 in tumours with and without a subsequent PSA bounce after brachytherapy were 70.92 and 38.55, respectively (F ¼ 5.9 Â 10 À 5 , P ¼ 0.035). In the case of CD3 þ cells, the mean density in tumours with and without a subsequent bounce was 144.9 and 86.4, respectively (F test ¼ 3.05 Â 10 À 5 , P ¼ 0.05). Representative examples of CD3 and CD8 stains from tumours taken from patients that did/did not developed a PSA bounce are shown in Figure 3 .
DISCUSSION
Interstitial brachytherapy is highly effective for localised adenocarcinoma of the prostate. Therapy is generally well tolerated and may be curative in a number of cases. The dynamics of response to therapy as determined by the reduction in PSA have been a source of considerable interest and although several studies have shown that the presence of a PSA bounce is associated with a better longterm outcome (Patel et al, 2004; Caloglu et al, 2011; Hinnen et al, 2012; Bernstein et al, 2013; Chira et al, 2013) , the actual mechanism of the PSA bounce and why it may be associated with an improved outcome have proven to be elusive. Several studies have attempted to understand the mechanisms behind the bounce and its prognostic implications (Patel et al, 2004; Crook et al, 2007; Mitchell et al, 2008; Caloglu and Ciezki, 2009; Caloglu et al, 2011; Kirilova et al, 2011; Hinnen et al, 2012) . Kirilova et al (2011) , using 3D MR spectroscopic imaging, showed that the bounce is associated with an increase in metabolic activity within the prostate unrelated to residual malignancy and proposed an 'inflammatory' process behind the PSA bounce. It is also generally agreed that the only parameter that correlates with the presence/ absence of the PSA bounce is patient age -the bounce is observed more often in younger patients (as also observed in our cohort). In one small series of patients who had repeat prostate biopsy during such PSA bounces, all patients had residual tumour present more than a year after interstitial brachytherapy (Reed et al, 2003) . Some studies have reported that the incidence of a PSA bounce was more frequent in patients who received a higher radiation activity per unit volume of prostate (Stock et al, 2003; Toledano et al, 2006) , but this was not confirmed by others (Merrick et al, 2002) . Note that in our cohort of patients, there was no difference in the average dose of radiation administered or the prostate volume for patients who did or did not develop a PSA bounce. Moreover, the bounce in PSA invariably occurs after the isotope has effectively decayed ( Figure 2 ) and the radiation effect cannot by itself explain this phenomenon. It is also possible to show intuitively that a model with two equations that account for tumour growth, PSA production and the effect of radiation cannot explain the PSA bounce. Let us assume that there is no immune response. Therefore, y(t) ¼ 0 at all times. As a result, Equations (1a and 1b) of the model lose the last term and Equations (2a and 2b) do not exist anymore. Therefore, such a model only captures (i) tumour population growth, (ii) PSA production by the tumour cells, and (iii) the effect of radiation therapy on tumour growth and PSA production. It is easy to see that once the effect of radiation is over (s 1 ¼ s ¼ 0), then the equations only capture exponential growth of the tumour and PSA production. Given that the PSA bounce almost always occurs when the effect of radiation on the tumour has disappeared, it will be impossible for a two equation model to capture the PSA bounce because such a model will not be able to fit the PSA data showing an initial increase in PSA followed by decay without any additional therapy. We also note that if one were to postulate that the subsequent drop in PSA after the initial rise is due to an advanced tumour losing its ability to produce PSA, this would be difficult to reconcile with the observation that the PSA bounce is associated with an improved outcome because we would expect that a more dedifferentiated tumour to behave more aggressively and be associated with an inferior outcome. Using a combination of clinical data and a mathematical model, we developed a novel hypothesis to explain the PSA bounce after interstitial brachytherapy for localised prostate cancer and provide preliminary proof of its validity using a large cohort of patients.
Our results suggest that the PSA bounce is a consequence of oscillations in the tumour-immune cell dynamics. If the impact of the immune cells on the tumour is insignificant, then the oscillations will not be noticeable (hence no bounce) and after the effects of radiation wear off, the tumour will recur. One reason for the weak impact of the immune cells on the tumour may be a lower number of immune cells within the tumour at the start of therapy as found in patients by histological analysis and predicted by our mathematical model and data fitting. In addition, the bounce may be associated with an improved outcome and may be a sign of a significant anti-tumour immune response. Our hypothesis is further supported by the finding of a negative correlation between patient age and the value of b, which suggests that with aging, the number of tumour-infiltrating T cells decreases, and this would be associated with a lower incidence of the PSA bounce in older patients, as reported in the literature (Toledano et al, 2006; Caloglu and Ciezki, 2009) .
Given that the cells were present before initiation of interstitial brachytherapy suggests that the tumour was possibly suppressing the cytotoxic activity of the cells and this suppression was reduced or eliminated after significant tumour cytoreduction from the radiation. The model would suggest that the delay in the PSA bounce is due to an initial reduction in the population of infiltrating T cells within the tumour because lymphocytes are very sensitive to radiation. We postulate that with sufficient isotope decay, T cells are again recruited to the tumour site and perhaps are able to kill more tumour cells leading to the PSA bounce and ultimately, the better outcome. Our model suggests that further studies are needed to understand the mechanisms of prostate cancer infiltration by T cells. Such studies may provide important insights into the dynamics of the PSA bounce but perhaps also inform on which patients are more likely to respond to monoclonal antibody therapy such as nivolumab (anti-PD-1). It is as yet unclear whether the presence of higher numbers of T cells within the tumour prior to definitive brachytherapy is associated with a better long-term outcome and our cohort of patients is not large enough to make any definite predictions. Such analysis will require a larger series of patients and with longer follow-up. However, our studies and modelling suggest that it may be important to look for tumour-infiltrating T cells at the time of diagnosis because they may allay fear of relapse if the PSA starts rising after a year of therapy.
In our modelling, we used PSA as the only measure of the tumour burden. Although this is likely a simplification given the heterogeneity that is being increasingly recognised within tumours, we believe that such an assumption is justified by restricting our analysis to patients with early stage tumours (T2N0M0) who have a low tumour burden. Moreover, we would expect that patients with more undifferentiated tumours, where the PSA is less likely to be representative of the tumour burden, would not do well. The fact that patients with a PSA bounce have better outcomes would argue against them having more aggressive, advanced disease.
In summary, our observations and modelling suggest that the PSA bounce observed after interstitial brachytherapy for prostate cancer is likely due to an immune response to the tumour. The bounce is due to a delayed immune attack against the tumour cells and likely explains the improved long-term outcome observed in patients who experience such a bounce.
